Insight into the formation of Archean trondhjemite-tonalite-granodiorite (TTG) and sanukitoids is essential for understanding Archean crustal evolution and tectonic styles; however, their exact source and petrogenesis are still open to debate. Detailed chemical compositions of minerals, whole-rocks and whole-rock Sm-Nd isotopes, zircon U-Pb ages and Hf-O isotopes of the Zhulagou (ZLG) diorites and mafic enclaves from the Yinshan Block of the North China Craton are used to investigate the petrogenesis of the diorites and related geological processes. The ZLG diorites, which formed at $2520 Ma, have moderate SiO 2 (59Á4-65Á5 wt %) and Mg# (49-52), high Al 2 O 3 (15Á6-20Á6 wt %), Cr (90Á4-438 ppm), Ni (15Á0-95Á9 ppm), Sr (436-882 ppm) and Ba (237-1206 ppm) contents, and also fractionated rare earth element patterns (REE; La N /Yb N ¼ 9Á1-40Á5) and depleted high field strength elements (HFSE) such as Nb, Ta and Ti, similar to Archean sanukitoids. The diorites may contain cumulus plagioclase and do not represent pristine melts, as indicated by their high Al 2 O 3 contents and positive Eu and Sr anomalies. They have evolved whole-rock Nd isotope compositions [e Nd (t) ¼ 1Á0-2Á3, T DM ¼ 2Á8-2Á7 Ga], variable zircon e Hf (t) (-1Á6 to þ6Á0) and high zircon d 18 O ($9Á0 6 0Á4&, 2SD) values, indicating that the parental magma was most probably produced by partial melting of 2Á8-2Á7 Ga mafic crust. The high-d
INTRODUCTION
Plate tectonics plays an important role in the evolution of Earth's continental crust. However, the styles of the tectonic processes operating and crustal growth in the Archean are still uncertain (Moyen & van Hunen, 2012) . Trondhjemite-tonalite-granodiorite (TTG) and sanukitoids serve as important crustal components of Archean terranes (Condie, 2005) and thus hold the key to understanding these issues. However, their petrogenesis is still debatable (e.g. Smithies & Champion, 2000; Martin et al., 2005; Fowler & Rollinson, 2012) . TTG have major and trace element characteristics (e.g. SiO 2 $70 wt %, Al 2 O 3 > 15 wt %, Na 2 O/K 2 O > 1, La/Yb > 30, Sr and Ba > 500 ppm, Yb < 1Á9 ppm, Mg# < 40, Cr < 100 ppm and Ni < 70 ppm) that are commonly ascribed to result from partial melting of subducted slabs (Martin, 1987 (Martin, , 1999 Defant & Drummond, 1990; Foley et al., 2002; Martin & Moyen, 2002; Rapp, 2003) . Also, TTG usually have low d
18
O(Zrn) (5-6&) Valley et al., 2005) , consistent with a source comprising fresh oceanic crust with minor altered gabbro or basalt (Hiess et al., 2009) . Some Archean TTG may form by partial melting of mafic lower crust (de Wit, 1998; Zegers & van Keken, 2001; Smithies et al., 2003 Smithies et al., , 2009 Bé dard, 2006) . The pressure for production of TTG melts is estimated to be 10-12Á5 kbar involving partial melting of mafic lower crust (Qian & Hermann, 2013) , 12 kbar (Zhang et al., 2013a) or 15-22 kbar (Nair & Chacko, 2008; Hastie et al., 2016; Wei et al., 2017) for partial melting of subducted oceanic basalts.
Sanukitoids are volumetrically minor but are widely distributed in Archean granite-greenstone belts younger than $3Á0 Ga (Shirey & Hanson, 1984; Stern et al., 1989; Lobach-Zhuchenko et al., 2005 . The occurrence of sanukitoids is considered to herald a transition from early Archean tectonic styles dominated by oceanic plate stacking and plateau accretion to processes more akin to modern-style subduction and arc accretion (Smithies & Champion, 2000) . Sanukitoids are similar to TTG in most incompatible trace elements but tend to have lower SiO 2 contents and higher , Cr (>200 ppm), Ni (>100 ppm), Sr and Ba (600-1800 ppm) and K 2 O/Na 2 O (0Á5-3) ratios (Stern et al., 1989; Stevenson et al., 1999; Heilimo et al., 2010) . They have higher whole-rock d
O values [d 18 O(WR) $ 7-8&], commonly attributed to mantle sources metasomatized by subducted sediments, slab-derived aqueous fluids, or crustal composition (King et al., 1998; Valley, 2003; Bindeman et al., 2005) . A variety of models have been proposed for the formation of sanukitic rocks: (1) partial melting of metasomatized mantle peridotite (Tatsumi, 1981; Tatsumi & Ishizaka, 1982; Shirey & Hanson, 1984; Stern et al., 1989; Stern & Hanson, 1991; Stevenson et al., 1999; Kovalenko et al., 2005; Danyushevsky et al., 2008) ; (2) assimilation of mantle peridotite by slabderived melts, resulting in an increase in compatible elements (Mg, Cr and Ni) in the melt (Rapp et al., 1999 (Rapp et al., , 2010 Tatsumi, 2001; Rapp, 2003) ; (3) extensive crustal assimilation and differentiation of enriched mantlederived, high-Mg diorite magmas during postcollisional slab breakoff or lithospheric delamination processes (Whalen et al., 2004) ; (4) assimilation of peridotite by lower crust-derived silicic melts at crustal depths (Qian & Hermann, 2010; Tiepolo et al., 2011; Chiaradia et al., 2014) . Obviously, detailed case studies are required to reveal the genesis of sanukitoids.
In this study we report mineral chemistry, wholerock geochemistry and Sm-Nd isotopes, and zircon U-Pb dating and Hf-O isotopes of the Neoarchean Zhulagou (ZLG) diorites and mafic enclaves from the Yinshan Block of the North China Craton (NCC). The ZLG diorites have major and trace element compositions resembling those of Archean sanukitoids and TTGs. These data are used to illustrate the petrogenesis of the diorites and further explore late Archean geological processes within the Yinshan Block.
GEOLOGICAL SETTING AND FIELD RELATIONSHIPS
The NCC ( Fig. 1) is one of the oldest cratons in the world (Liu et al., 1992; Song et al., 1996; Wang et al., 2015) , including trondhjemitic gneisses as old as $3Á8 Ga. It experienced widespread magmatism and regional granulite-facies metamorphism at $2Á5 Ga (Zhao et al., 1998; Zhai, 2004) , and multiple phases of cratonization at $2Á5 Ga and $1Á8 Ga (Zhai & Santosh, 2011; Zhai, 2014) . Different tectonic models have been proposed for the evolution of the NCC. Zhai et al. (2000) proposed that the NCC can be divided into six micro-continental blocks (i.e. Jiaoliao, Qinhuai, Xuchang, Fuping, Jining and Alashan blocks) that were merged to form the NCC at around $2Á5 Ga, although the collisional boundaries between the micro-blocks are poorly defined. In contrast, Zhao et al. (2005) considered that the NCC is composed of two distinct Archean to Paleoproterozoic blocks (Eastern and Western Blocks) separated by the $1Á9-1Á8 Ga TransNorth China Orogen (Fig. 1a) . The Western Block formed by collision of the Ordos Block and the Yinshan Block along the east-west-trending $1Á95 Ga Khondalite Belt (Zhao et al., 2005; Yin et al., 2009; Santosh, 2010; Wang et al., 2011; Guo et al., 2012) .
The Yinshan Block contains extensive outcrops of Neoarchean rocks, including the Guyang greenstone belt mafic-ultramafic complex, TTG, sanukitoids and charnockites (Fig. 1b, Jian et al., 2005 Chen, 2007; Ma et al., 2013a Ma et al., , 2013b Zhang et al., 2014; Wang et al., 2015a) . The oldest rocks in the Yinshan Block are represented by $2Á7 Ga gneissic trondhjemites (Dong et al., 2012; Ma et al., 2013c) . Voluminous intermediate to felsic magmatic rocks (2Á58-2Á52 Ga) are distributed in the Yinshan Block, documenting a major period of crustal reworking (Jian et al., 2012) . This large-scale magmatism was followed by regional amphibolite-to granulite-facies metamorphism at $2Á52-2Á50 Ga (Wang et al., 2015a; Wang & Guo, 2017) .
The ZLG diorites crop out over an area of $180 km 2 and are intruded into the Xinghe Complex and Langyashan diorites (Fig. 2) . The Xinghe Complex is composed of metavolcanic rocks and minor ultramaficmafic plutons (Wang et al., 2001) , and is intruded by the Langyashan diorites. The ZLG diorites are coarsegrained and undeformed, and contain large amounts of amphibole-bearing pyroxenite enclaves (e.g. Sample 13ZLG36, Fig. 3a and b) , which are mostly irregular or oval in shape and 1 cm to $3 m in diameter (Fig. 3a-c) . Garnet-bearing coronae commonly occur around the enclaves (Fig. 3d) . Samples of the ZLG diorites and Ma et al., 2013a) . Zircon data were compiled from Jian et al. (2005 Jian et al. ( , 2012 , Chen (2007) , Dong et al. (2012) , Ma et al. (2013a Ma et al. ( , 2013b and Wang et al. (2015a) . enclaves were collected 6-8 km to the west of Halamendu County.
PETROLOGY
The ZLG diorites consist of quartz, plagioclase, K-feldspar, orthopyroxene, clinopyroxene, amphibole, biotite, garnet and minor accessory minerals (zircon, apatite, and magnetite) and have granoblastic textures (Fig. 4a) . The proportions of dark colored and leucocratic minerals are variable and are listed in Table 1 . Plagioclase is uniform in composition and shows no zoning. Orthopyroxene occurs as coarse grains ($1-5 mm, Fig. 4b ). It commonly coexists with clinopyroxene, amphibole, biotite, plagioclase, biotite and quartz (Fig. 4c) . Garnet is minor in the diorites and usually contains a number of inclusions of quartz and K-feldspar ( Fig. 4d-f ).
The amphibole-bearing pyroxenite enclaves are composed of clinopyroxene, orthopyroxene, amphibole and biotite and minor plagioclase, K-feldspar and magnetite ( Fig. 5a-d) . Detailed modal abundances of minerals are listed in Table 1 . Clinopyroxene, orthopyroxene and amphibole are anhedral, consistent with granulitefacies metamorphic (re-)equilibration. A garnet-rich corona occurs between clinopyroxene and plagioclase at the boundary of the mafic enclaves and host diorite (Fig. 5a) . Garnet from the corona contains quartz and K-feldspar inclusions ( Fig. 5b and c) .
ANALYTICAL METHODS

Mineral major and trace elements
The major and trace element compositions of the rockforming minerals were determined at the Institute of Geology and Geophysics, Chinese Academy of Sciences Orthopyroxene crystals occur as megacrysts. Spots F02 to F06 represent the trace element analysis positions on orthopyroxene, Spots F07 to F10 correspond to plagioclase, and Spot F11 corresponds to biotite. (c) Diorites consist mainly of quartz, plagioclase, K-feldspar, orthopyroxene, clinopyroxene, amphibole and biotite; plane-polarized light. Spots F68 and F62 to F66 represent the trace element analysis positions on amphibole, Spot F67 corresponds to orthopyroxene, Spots F56 and F60 correspond to biotite, and Spot F61 corresponds to plagioclase. (d-f) BSE images show that minor garnet crystals are present in the diorites and they contain quartz and minor K-feldspar inclusions.
(IGGCAS), Beijing. Major elements were analysed using a JEOL JXA-8100 electron microprobe (EMP) at 15 kV accelerating voltage, 20 nA beam current and a 3 or 5 lm spot size. Count times were 20 s on peak and 10 s on background. Relative standard deviations of the analyses of standard minerals are better than 61%. The trace element contents of the minerals were determined on thin sections by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), using a 193 nm ArF Compex pro laser with a pulse rate of 8 Hz and an energy density of 13 J cm -3 , coupled to an Agilent 7500 quadrupole ICP-MS system. NIST 610 glass was used as an external standard (Supplementary Data Electronic Appendix 1A; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org) with recommended values by Pearce et al. (1997) .The data were processed using the GLITTER software (www.glittergemoc.com).
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Si was adopted as an internal standard for zircon, orthopyroxene, plagioclase and biotite. 43 Ca was adopted as internal standard for clinopyroxene, amphibole and garnet. SiO 2 contents for zircon were determined to be 32Á8 wt %, and the SiO 2 and CaO contents of the other minerals were determined by EMP. Accuracy and reproducibility are better than 610%.
Zircon U-Pb ages and Hf-O isotopes
Cathodoluminescence (CL) images of zircon were collected using a scanning electron microscope (FEI, Quanta 200F) at Peking University. U, Th and Pb isotopic analyses were conducted using a Cameca IMS-1280 (CASIMS) at IGGCAS. Analytical procedures were described by Li et al. (2009a Li et al. ( , 2009b . During U-Pb dating, a beam size of 20 Â 30 lm and 10 Â 15 lm was used for zircon from the diorite sample 13ZLG43 and mafic enclave sample 13ZLG36, respectively. U-Th-Pb ratios and abundances were determined relative to the zircon standard Ple sovice (337 Ma, Slá ma et al., 2008) . A longterm uncertainty of 61Á5% (1 RSD) for 206 Pb/ 238 U measurements of the standard zircon (TEMORA-2) was propagated to the unknowns (Li et al., 2010a) , despite the fact that the measured 206 Pb/ 238 U error in individual sessions was generally less than 61% (1 RSD). Measured compositions were corrected for common Pb using non-radiogenic 204 Pb, and an average of the present-day crustal composition (Stacey & Kramers, 1975) was used for the common Pb, assuming that the common Pb was largely surface contamination as a result of sample preparation. Corrections were sufficiently small to be insensitive to the choice of the common Pb composition. To monitor the external uncertainties during the U-Pb measurements, analyses of an in-house zircon standard Qinghu were interspersed with analyses of unknowns. Seven analyses of Qinghu yield a weighted mean 206 Pb/ 238 U age of 159Á1 6 1Á8 Ma, identical within error to the reported age of 159Á5 6 0Á2 Ma (Li et al., 2013) . Uncertainties of individual analyses and plotted analyses are reported at 1SD and 2SD level, respectively. Data reduction was carried out using the Isoplot/Ex v. 3.71 program (Ludwig, 2009) .
In situ zircon Hf isotopic analyses were conducted using a Neptune multicollector (MC)-ICP-MS system, equipped with a 193 nm laser at IGGCAS. A laser repetition rate of 8 Hz at 15 J cm -2 was used and the laser beam was 60 lm in size. Detailed descriptions have been given by Wu et al. (2006 Hf ratios determined in the procedure for the zircon standards 91500 and GJ-1 were 0Á282309 6 0Á000007 (2SD, n ¼ 23) and 0Á282026 6 0Á000008 (2SD, n ¼ 20, respectively (Supplementary Data Electronic Appendix 1B).
Zircon oxygen isotope compositions were measured using the Cameca IMS-1280 at IGGCAS before zircon U-Pb dating. The analytical procedures have been reported by Li et al. (2010b) . The instrumental mass fractionation factor (IMF) was corrected for, using the zircon standard Penglai with a d
18
O Penglai value of 5Á3& (Li et al., 2009a) 
where subscript M denotes the measured value. The spot-to-spot reproducibility (external precision) was typically better than 60Á4& (2SD). A second zircon standard Qinghu was analyzed as an unknown to ascertain the veracity of the IMF. Measurements of the Qinghu zircon grains gave an average d
O of 5Á7 6 0Á4& (2SD, n ¼ 6) for the diorite and 5Á5 6 0Á4& (2SD, n ¼ 7) for the enclave, in agreement with the certified value of 5Á4% 6 0Á4& (Li et al., 2013 ).
Whole-rock major and trace elements and Nd isotopes
Whole-rock major and trace elements were determined at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan. Major elements were analyzed on fused glass discs using a Shimadzu XRF-1800 sequential X-ray fluorescence spectrometer. The analytical uncertainties, monitored by replicates and two standards (syenite GSR-7 and basalt GSR-3), are less than 1%. The loss on ignition (LOI) was measured on dried rock powder in a pre-heated corundum crucible by heating to 1000 C for 90 min and recording the percentage weight loss.
Trace element compositions were analyzed by ICP-MS using an Agilent 7500 system; the detailed sample digestion procedure was as described by Liu et al. (2008) . The precision for most elements was typically better than 65% RSD (relative standard deviation) calculated by the repeated unknown samples and certified reference materials (AGV-2, BHVO-2, BCR-2 and RGM-2; Supplementary Data Electronic Appendix 1C).
The Sm-Nd isotopic analyses were performed on a Finnigan MAT 262 thermal ionization multi-collector mass spectrometer at IGGCAS, following the procedures described by Li et al. (2012) Nd ¼ 0Á512618 6 0Á000012 (2SD, n ¼ 2).
RESULTS
Mineral chemistry
Electron microprobe data for the constituent minerals from the diorites and mafic enclaves are presented in Supplementary Data Electronic Appendix 2; selected mineral compositions are listed in Tables 2 and 3 . Trace element compositions of clinopyroxene, orthopyroxene, amphibole, plagioclase and biotite crystals are given in Supplementary Data Electronic Appendix 3; representative data are reported in Table 4 .
ZLG diorite
The An content of plagioclase varies from 35 to 37 from core to rim. Sr and Ba contents vary from 517 to 662 ppm and from 55Á0 to 110 ppm, respectively. Plagioclase crystals display fractionated rare earth element (REE) patterns with obvious positive Eu
Orthopyroxene has Mg# ¼ 58-59 and is classified as hypersthene (Supplementary Data Electronic Appendix Fig. S1 ; Wo 0Á9-1Á2 En 56Á7-58Á0 Fs 40Á4-41Á6 ). No pronounced major and trace element variations were observed within single grains (Fig. 4b) . Orthopyroxene has high contents of Cr (180-261 ppm), Ni (183-251 ppm) and Zn (467-560 ppm), and low concentrations of Al 2 O 3 (1Á62-1Á91 wt %), CaO (0Á41-0Á59 wt %) and Na 2 O (< 0Á15 wt %).
Biotite has TiO 2 contents varying from 4Á79 to 4Á96 wt % (Ti ¼ 0Á27-0Á28 p.f.u.) and Mg# of 63-64. Cr and Ni concentrations are 455-811 and 464-704 ppm, respectively (Fig. 6a) . Biotite is also enriched in Rb (455-729 ppm) and Ba (1493-2752 ppm) (Fig. 6a) . Mn  0Á09  0Á09  0Á09  0Á09  0Á09  0Á08  0Á08  0Á07  0Á08  Mg  0Á71  0Á69  0Á72  0Á68  0Á66  0Á66  0Á72  0Á74  0Á70  Ca  0Á53  0Á57  0Á54  0Á54  0Á55  0Á54  0Á53  0Á53  0Á54  Prp  24  23  24  22  22  22  24  25  23  Alm  55  55  55  57  57  57  56  55  56  Grs  18  19  18  18  18  18  18  18  18 b.d.l., below detection limit. 
The complete list of analytical results is given in Electronic Appendix 3A and 3B. b.d.l., below detection limit.
negative high field strength element (HFSE; e.g. Nb, Ta, Zr, Hf and Ti) and Sr anomalies (Fig. 7b ) in mantle-normalized incompatible trace element patterns. It has incompatible element abundances $2Á0 times those of clinopyroxene. Garnet is rare in the diorites and is Prp 21Á9-23Á8 Alm 55Á2-56Á8 Gro 17Á7-18Á8 in composition, with Mg# values of 28-30. Garnet from the reaction coronae around the mafic enclaves is similar in composition (Prp 22Á0-24Á5 Alm 55Á4-57Á6 Gro 17Á5-17Á9 , Fig. 5a-c) . In general, garnet shows no obvious major element zoning but significant trace element variations. It has highly variable Yb (0Á970-18Á6 ppm) and Y (34Á0-178 ppm) concentrations, enriched MREE (Ce N /Sm N ¼ 0Á005-0Á018), and pronounced Eu anomalies (Eu/Eu* ¼ 0Á4-0Á6). Gd N /Yb N varies between 0Á9 and 19Á1 (Fig. 6b) , indicating a metamorphic origin. Garnet adjacent to biotite has distinctly high Cr contents of 1342-1593 ppm (e.g. spots A93, A95 and A96), whereas garnet adjacent to quartz and plagioclase has low Cr contents of 176 ppm (Spot B02) (Fig. 5c ).
ZLG mafic enclaves
Orthopyroxene, clinopyroxene, amphibole and biotite in the mafic enclaves have major element compositions close to those of the host diorites (Supplementary Data Electronic Appendix Fig. 1 ). In detail, mafic minerals from the enclaves have slightly higher Mg# than those from the diorites (Tables 1 and 2 ). Cr concentrations in minerals from the enclaves are much higher than those of the corresponding minerals from the diorites (Table 1) ( Fig. 6a, c and d ). Amphibole and clinopyroxene from the enclaves have similar REE patterns to their counterparts from the diorites, showing strong negative Eu anomalies (Eu/Eu* ¼ 0Á2-0Á3). In both the enclaves and diorites, most of the incompatible element contents of amphibole are $2Á0 times those of clinopyroxene ( Fig. 7c and d ).
Zircon U-Pb ages, trace elements and Hf-O isotopes
Zircon U-Pb dating and trace element data for the ZLG diorite and mafic enclave are presented in Supplementary Data Electronic Appendix 4A and 4B, respectively. Zircon Lu-Hf and oxygen isotopes for the ZLG diorite are given in Supplementary Data Electronic Appendix 4C and 4D, respectively.
ZLG diorite
Zircon from the ZLG diorite (sample 13ZLG43) is euhedral to subhedral with a length of 150-300 lm.
Magmatic zircon rims and xenocrystic zircon cores are shown in the CL images (Fig. 8a) . Many zircon crystals preserve internal growth banding that is typical for zircon of magmatic origin ( Fig. 8a: 1-6) . Some of the investigated zircon cores (Fig. 8a: 6, 7, 8 ) from the diorite sample are xenocrysts, as is commonly observed for zircons from igneous rocks (Corfu et al., 2003) . The cores are lighter in luminescence, indicating that they probably experienced recrystallization. Metamorphic zircon formed in equilibrium with garnet during high-grade metamorphism commonly displays lower heavy REE (HREE) contents than the zircon cores (Rubatto, 2002) . In addition, metamorphism leads to a decrease in Th content and a low Th/U ratio (Vavra et al., 1996) . However, zircons from the studied diorite samples display similar HREE, and higher Th and U contents in the magmatic domains in comparison with those of the zircon cores (Fig. 10) .
Twenty-eight analyses were determined of the magmatic zircon zoning in sample 13ZLG43, resulting in 207 Pb/ 206 Pb ages ranging from 2677 to 2278 Ma (Fig. 9a) Hf ratios ranging from 0Á281129 to 0Á281344, which corresponds to initial e Hf (t ¼ 2520 Ma) of -1Á6 to þ6Á0. T DM1 and T DM2 (two-stage Hf model ages) of the magmatic zonings are 2Á89-2Á60 Ga and 3Á11-2Á65 Ga, respectively.
The zircon cores have d
18
O(Zrn) values varying from 6Á0 to 8Á0&. The magmatic zircon domains in contrast Fig. 7 . Chondrite-normalized REE patterns and primitive mantle-normalized trace element patterns for amphibole and clinopyroxene crystals from diorite sample 14ZLG16M (a, b) and mafic enclave samples 14ZLG16 (c, d) and 13ZLG36 (e, f). Normalization data are after Sun & McDonough (1989) . It should be noted that the minerals from the diorites and enclaves have similar trace element compositions, and amphibole is $2Á0 times the abundance of clinopyroxene in REE and Y.
show consistent d
18 O(Zrn) values of 8Á6-9Á5& with an average of 9Á0 6 0Á4& (Fig. 11a) .
ZLG mafic enclave
Zircon grains from the amphibole-bearing pyroxenite enclave (sample 13ZLG36) are euhedral to anhedral, with a length of 80-150 lm and width of 20-60 lm. Three zircon domains are revealed by CL images: magmatic zircon cores, overgrowth rims and completely new metamorphic zircon grains. Some of the prismatic grains preserve magmatic zoning (Fig. 8b: 9-11) with a narrow metamorphic overgrowth rim (Fig. 8b: 9-11 ). Some anhedral zircon crystals have irregular shapes and sector or fir-tree zoning, which probably formed during high-grade metamorphism (Fig. 8b: 12, 13 (Wang & Guo, 2017) , this rules out long-lived metamorphism.
Magmatic and metamorphic zircons in the enclave have d
18 O values varying from 7Á5 to 9Á1& and 6Á7 to 9Á2&, respectively (Fig. 11b) . Hf isotopic analyses were not obtained for these zircon grains because of their small grain size.
Whole-rock major and trace elements
Major and trace element compositions of the ZLG diorites and mafic enclaves are presented in Table 5 .
ZLG diorite
The ZLG samples have SiO 2 contents of 59Á4-66Á5 wt % and total alkali (K 2 O þ Na 2 O) contents of 5Á2-7Á2 wt %. They are classified as diorites to granodiorites in the total alkalis-silica (TAS) diagram (Fig. 12a) , and here are collectively referred to as 'diorites'. The diorites have low K 2 O/Na 2 O ratios (0Á14-0Á49) and belong to the Na series (Fig. 12b) . Mg# and A/CNK values [molar Al 2 O 3 / (CaO þ Na 2 O þ K 2 O)] are in the range of 49-52 and 0Á8-1Á0, respectively ( Fig. 12c and d) . The MgO (1Á17-4Á08 wt %), Al 2 O 3 (15Á60-20Á62 wt %), Cr (90Á4-438 ppm) and Ni (15Á0-95Á9 ppm) contents of the diorites are variable (Figs 13 and 14) . The ZLG diorites have high Sr and Ba concentrations in the range 436-882 ppm and 273-1206 ppm, respectively ( Fig. 14g and h ). Sr/Y ratios are high, varying from 42 to 170. Zr and Y contents are in the range of 56Á9-330 ppm and 4Á32-13Á7 ppm, respectively (Fig. 14) . REE are strongly fractionated, with low HREE abundances and high La N /Yb N ratios (9-40; N indicates chondrite normalization). However, the fractionation of the HREE is weak (Fig. 15a) , with Y/Yb ratios mostly of 10-11. The diorites are characterized by strong depletions of Nb, Ta and Ti and positive Sr and Eu anomalies (Eu/Eu* ¼ 0Á9-1Á9) (Fig. 15b) .
ZLG mafic enclaves
The mafic enclaves in the ZLG diorites have SiO 2 and K 2 O þ Na 2 O concentrations of 46Á5-50Á3 wt % and 1Á41-4Á84 wt %, respectively, belonging to the sub-alkaline series (Fig. 12a) . K 2 O/Na 2 O ratios are high (0Á64-2Á45, Fig. 12b ). The mafic enclaves have considerably higher CaO (8Á27-12Á30 wt %), MgO (8Á97-14Á47 wt %), Cr (647-1946 ppm) , and REE contents and Mg# values (55-64), but lower Al 2 O 3 (3Á40-10Á65 wt %), Na 2 O (0Á46-1Á43 wt %), Sr (21Á6-173 ppm) and Ba (mostly 104-247 ppm) contents and Sr/Y ratios (1-5), compared with the host diorites (Figs 13 and 14) . They are characterized by convex-upward REE patterns, together with obvious negative Nb, Ta, Ti, Sr and Eu (Eu/Eu* ¼ 0Á2-0Á4) anomalies in primitive mantlenormalized trace element patterns (Fig. 15) .
Whole-rock Sm-Nd isotopic compositions
Whole-rock Sm-Nd isotopic compositions are listed in All the investigated samples have experienced $2Á5 Ga regional granulite-facies metamorphism (Fig. 9f) . The magmatic and metamorphic zircon (6Á0& and 6Á1&, respectively) from the Langyashan diorite have identical d
18 O values (Fig. 16 ), in agreement with studies that show that zircon can preserve its primary magmatic oxygen isotope compositions even through high-grade metamorphism (Valley et al., 1994; King et al., 1998) . The magmatic and metamorphic zircon from the mafic enclaves have similar ranges of d 18 O values (mostly 8-9&) (Fig. 11b) , indicating that the high zircon d
18 O values could not be ascribed to the effects of metamorphism. In addition, sub-solidus alteration during high-grade metamorphism may lead to large variations in zircon d
18
O values , and thus is not supported by the uniform zircon d
18 O values of the ZLG diorite.
It is likely that the high-d 18 O character of the ZLG diorites was inherited from their parental sources, which may include recycled sediments or volcanic rocks altered by low-temperature alteration before being buried in the lower crust (Bindeman et al., 2004) . About 40 km to the west of ZLG County, some kyanite-bearing metasedimentary rocks, which experienced peak metamorphism at $2Á52-2Á50 Ga under conditions of 800-850 C and >11-14 kbar (>35 km), have been recognized (Wang & Guo, 2017) . The whole-rock d
O values of the kyanite-bearing metapelites are 11Á5-12Á4& (Wang & Guo, 2017) . It is estimated that about 40% of metapelite with d
18 O of $12& is necessary to increase the d 18 O values from $7& of the mafic lower crust (Kempton & Harmon, 1992) to $9&. Such high contributions of sedimentary rocks to the magma source do not agree with the metaluminous character of the ZLG diorites (Fig. 12c) . Therefore, metabasalts whose oxygen isotope compositions have been enriched by earlier lowtemperature hydrothermal alteration represent a more likely magma source for the ZLG diorites (Taylor, 1968; Alt et al., 1986; Bindeman et al., 2004) . This is also supported by neodymium isotope data for the ZLG diorites (see discussion below).
Earlier studies showed that magmatic d 18 O(Zrn) probably changes through time (Valley, 2003; Valley et al., 2005) (Fig. 16) 18 O (0-12&), which tends to be higher (Peck & Valley, 2000) . No Archean magmatic rocks with d 18 O (WR) higher than 9-10& have been reported. Only a small number of >3Á8 Ga detrital magmatic zircons from the Jack Hills (Mojzsis et al., 2001) and Pilbara Craton in Western Australia (Van Kranendonk et al., 2015) have d
18 O > 8&. These zircons with elevated d
18 O (up to 15Á0&) were closely related to the recycling of surface materials (Mojzsis et al., 2001; Trail et al., 2007) . It has been speculated that the high d
18 O in zircon became more prominent between 2Á5 and 2Á0 Ga, because of more important recycling of sedimentary rocks, the onset or acceleration of subduction, or different oxygen contents at 2Á2 Ga (Valley et al., 1994; Lackey et al., 2005) , much higher than that of the Earth's upper mantle (Mattey et al., 1994; Valley et al., 1998; Eiler, 2001 18 O similar to that of the ZLG diorites. However, such high amounts of pelitic rocks, carbonatites and cherts in the mantle would lead to a magma with high Al 2 O 3 , CaO and SiO 2 contents. This is inconsistent with the metaluminous geochemical characteristics, andesine composition in plagioclase and the composition of the ZLG diorite. Thus, the above observations rule out the possibility that the ZLG diorites originated directly from the mantle.
Interactions between felsic magmas and mantle peridotite may produce dioritic rocks resembling sanukitoids under variable P-T conditions (Rapp et al., 1999 (Rapp et al., , 2010 Tatsumi, 2001; Qian & Hermann, 2010) . However, the following evidence does not support subducted oceanic crust as the potential source of the ZLG diorites. First, the diorites have evolved whole-rock Nd isotope and variable zircon e Hf (t) values (-1Á6 to þ6Á0) with peak T DM2 of 2Á80-2Á70 Ga (Fig. 17a-c) , indicating that materials from old continental crust (2Á80-2Á70 Ga) rather than oceanic crust may serve as the main magma source. Second, subducted oceanic crust usually has low d 18 O(WR) ($5Á5&) and commonly produces magma with d 18 O(WR) less than 8& (Hiess et al., 2009 ). Geochemical modeling (Moyen, 2009 ) and partial melting experiments (Springer & Seck, 1997; Qian & Hermann, 2013) demonstrate that partial melting of mafic lower crust at crustal depth ($30-40 km) could produce adakite-and TTG-like melts with high Sr/Y and La/Yb, whereas partial melts of mafic crust at >15 kbar with high amounts of garnet in the residue would have low Yb contents (<0Á3 ppm) (Qian & Hermann, 2013) , lower than that of the ZLG diorites (0Á31-1Á23 ppm). The experimentally determined P-T conditions for the formation of TTG-like melts (800-950 C and 10-12Á5 kbar) (Qian & Hermann, 2013 ) are close to those of peak metamorphism of kyanite-bearing metasedimentary rocks in the region (Wang & Guo, 2017) . Thus, the combined Nd-Hf-O isotope data indicate that the ZLG diorites were probably produced in the lower crust by partial melting of metavolcanic rocks that had earlier undergone low-temperature alteration.
Origin of mafic enclaves in ZLG diorites
The ZLG mafic enclaves have a crystallization age of $25246 3 Ma, similar to that of the host diorite ($2518 6 3 Ma) (Fig. 9b and e) . Whole-rock Nd isotope compositions (Fig. 17a ) and zircon oxygen isotope data for the enclaves (8-9&) and diorites ($9&) overlap (Fig. 11) , suggesting that they were probably derived from the same magma source. This interpretation is further supported by the fact that amphibole and clinopyroxene in the enclaves are very similar to their counterparts in the diorites in terms of trace element characteristics (Fig. 7) . The suppressed HREE contents of amphibole and clinopyroxene in the garnet-bearing coronae around the enclave (Fig. 7c and d) could be caused by the formation of garnet during sub-solidus equilibration.
The mafic enclaves have low SiO 2 , high CaO and Cr contents (Figs 13a, d and 14a ), convex light REE (LREE) patterns and low La N /Sm N ratios (<1, Fig. 15a ), typical of cumulates dominated by clinopyroxene and amphibole (Huang et al., 2012) . The Mg# values of the enclaves ($60) are much lower than those of hornblendites (mostly >78, Roberts et al., 2000) and pyroxenites (mostly >80, Francis, 1976 ) that represent cumulates formed from mantle-derived magmas, consistent with our former interpretation that the parental diorite magma was derived by partial melting of mafic lower crust. The positive Eu and Sr anomalies indicate that the ZLG diorites are not pristine melts and may contain some cumulus plagioclase crystals (Fig. 15) . In contrast, the obvious negative Eu and Sr anomalies of the enclaves indicate that the clinopyroxene and amphibole were in equilibrium with an evolved melt that had already crystallized plagioclase. Thus, it is concluded that the mafic enclaves represent cumulates from the ZLG diorite magma.
Differences in the major and trace element compositions of the diorites and enclaves may be affected by variations in the proportion of cumulus minerals, such as plagioclase, amphibole, clinopyroxene and orthopyroxene. Modeling (Supplementary Data Electronic Appendix 4E) shows that a mineral assemblage of 60%Cpx þ 18Á5% (Ma et al., 2013b) . Grey diamonds are Archean sanukitoids (data from Shirey & Hanson, 1984; Stern et al., 1989; Stevenson et al., 1999; Smithies & Champion, 2000) . Light purple circles are Archean TTG (data from http://georoc.mpch-mainz.gwdg.de/georoc/).
Opx þ 8Á6%Bt þ 6%Amp þ 1Á7%Pl þ 3Á2%Kfs þ 2%Mag þ 0Á014%Zrn closely reproduces the bulk composition of one of the enclaves (sample 13ZLG36), and the relative deviations between the modelling and the analytical results are less than 20% for most of the major and trace elements (Supplementary Data Electronic Appendix Fig. S2 ). In addition, the composition of the diorite sample (13ZLG47) with slightly higher MgO contents can be approximated by mixing 85% of the low-MgO diorite sample (13ZLG48) with 8%Cpx þ 4%Opx þ 2% Amp þ 1%Bt (Supplementary Data Electronic Appendix Fig. S3 ).
Comparison of the ZLG diorites with Archean sanukitoids and TTG
The ZLG diorites have variable MgO (1Á17-4Á08 wt %), Cr (90Á4-438 ppm) and Ni (15-95Á9 ppm) contents, high Sr (436-882 ppm) and Ba (273-1206 ppm) contents and high Sr/Y (42Á2-169Á6) ratios, as well as fractioned REE patterns (La N /Yb N ¼ 9Á1-40Á5). In general, the major and trace element compositions of the diorites are similar to those of Archean sanukitoids and TTG worldwide (Stern et al., 1989; Smithies & Champion, 2000; Condie, 2005; Martin et al., 2005; Rapp et al., 2010) (Figs 13 and  14) . In an FeO t /(FeO t þ MgO) versus Na 2 O þ K 2 O -CaO diagram the ZLG diorites are chemically similar to both sanukitoids and TTG (Supplementary Data Electronic Appendix Fig. S4 ; Heilimo et al., 2010) . Na 2 O contents and K 2 O/Na 2 O (0Á14-0Á49) ratios are lower than those of typical sanukitoids (Fig. 12b) , which is probably due to the different degrees of partial melting and the nature of the protolith (Rapp & Watson, 1995) . REE contents are slightly lower than those of sanukitoids from the Superior Province and the Baltic Shield, whereas La/Yb and Gd/Yb ratios are similar (Sutcliffe et al., 1990; Stern & Hanson, 1991; LobachZhuchenko et al., 2005 LobachZhuchenko et al., , 2008 Heilimo et al., 2010) (Fig. 18a) . In addition, the ZLG diorites have lower Mg# and higher REE, Ba and Sr concentrations in comparison with the Miocene sanukitoids from the Setouchi volcanic belt from the Japan islands (Fig. 18) .
Petrogenetic model and tectonic setting
A model for the formation of the ZLG diorites and their mafic enclaves is illustrated in Fig. 19 . At >2525 Ma, mafic volcanic rocks experienced low-temperature hydrothermal alteration that elevated their d
18 O values. These altered volcanic rocks were buried within the lower continental crust by tectonic thickening (Fig. 19a) . From $2525 to 2520 Ma, the high-d 18 O mafic volcanic rocks underwent extensive partial melting, producing the ZLG diorite magma (Fig. 19b) . Shortly after their emplacement, the ZLG diorites and entrained mafic enclaves underwent granulite-facies metamorphism at 2520-2500 Ma (Fig. 19c) . The diorite magmas probably stagnated at lower to middle crust levels, as indicated by the short interval between magmatism and highgrade metamorphism. This petrogenesis may be applicable to formation of late Archean rocks with similar compositions from other regions, such as Guyang and Huai'an in the NCC Ma et al., 2013a) .
The Yinshan Block is composed of $2Á7-2Á5 Ga TTG, ultramafic to mafic igneous rocks, charnockites, metavolcanic rocks and sedimentary supracrustal rocks (Jian et al., 2012; Ma et al., 2013a Ma et al., , 2013b Wan et al., 2014; Zhang et al., 2014; Wang et al., 2015a) . Studies of U-Pb dating on metamorphic zircon from TTG, mafic rocks and metasedimentary rocks indicate that the regional metamorphic event occurred at $2Á5 Ga (Wan et al., 2014; Zhang et al., 2014; Wang et al., 2015a) . Monazite U-Pb dating of kyanite-garnet metapelite from the Yinshan Block constrains the last regional metamorphism at $2Á52 Ga in the studied area (Wang & Guo, 2017) , shortly after the formation of igneous rocks (TTGs, diorites and sanukitoids).
Ultramafic to mafic rocks and charnockites are characterized by anticlockwise P-T paths (Zhao et al., 2001) . The heat source for metamorphism with an anticlockwise P-T path is considered to be related to underplating of mantle-derived magma (Bohlen, 1987 (Bohlen, , 1991 . This process might occur in continental magmatic arc regions, continental rift environment and in hotspots driven by mantle plumes. However, high-pressure pelitic granulites recorded peak P-T conditions at P > 14-11 kbar and T ¼ 840-870 C at $2Á52 Ga (Wang & Guo, 2017) , which is inconsistent with an extensional setting (rift and hotspot). In addition, a late Archean mafic-ultramafic complex (Ma et al., 2015; Wang et al., 2015a ) with a subduction-related signature has been recognized in the Yinshan Block. Taken together, we favor that the $2Á5 Ga magmatism and metamorphism most probably formed in a continental arc environment. The interval between magmatism and metamorphism is less than 20 Myr (Zhang et al., 2014; Wang & Guo, 2017) . A similar short interval between magmatism and subsequent metamorphism has been reported from the Gangdese active continental margin of the Lhasa terrane, and has been explained by slab rollback (Chung et al., 2005; Zhang et al., 2013b) . This mechanism may explain the processes of late Archean magmatism and high-grade metamorphism in the Yinshan Block of the NCC.
CONCLUSIONS
The ZLG diorites and amphibole-bearing pyroxenite enclaves in the Yinshan Block of the North China Craton formed at $2520 Ma. The diorites resemble sanukitoids and TTG in their major and trace element compositions, and were produced by partial melting of metabasalts that had experienced low-temperature alteration before being tectonically buried to the lower crust. The mafic enclaves represent cumulates from the diorite magmas.
The d 18 O ($9Á0&) values of magmatic zircon from the diorites are the highest of those hitherto reported for Archean TTGs and sanukitoids, and this feature may be inherited from the magma source. The diorites and enclaves experienced granulite-facies metamorphism Hf value of 0Á015 (Griffin et al., 2002) . Data sources: magmatic zircon in charnockites from Ma et al. (2013b) ; magmatic zircon in sanukitoids from Ma et al., (2013a) . ( (2000) and Rapp et al. (2010) . Sample GY38-1 represents the TTG from the Yinshan Block (Jian et al., 2012) . at 2520-2500 Ma, shortly after their emplacement. The crustal anatexis and regional granulite-facies metamorphism most probably occurred in the root of a continental arc.
